Sex-specific alterations in mRNA level of key lipid metabolism enzymes in skeletal muscle of overweight and obese subjects following endurance exercise investigated the influence of EE on lipid metabolism mRNAs in this population.
Identifying the mechanisms of improved muscle lipid metabolism in obese/overweight populations has become clinically relevant since several recent studies have linked detrimental alterations in lipid metabolism and the accumulation of lipids and reactive lipid metabolites (i.e., diacylglyceride and ceramide) in skeletal muscle to insulin resistance (1, 6, 13, 35, 39) . Furthermore, studies in cultured muscle cells provide convincing evidence of mechanistic links between altered lipid metabolism, elevated reactive lipid metabolites, and insulin resistance (4, 5, 28, 31) . Therefore, the broad goal of the current investigation was to test the hypothesis that EE leads to adaptations in the mRNA level of representative lipogenic and lipolytic enzymes from key lipid metabolism pathways ( Fig. 1) , as well as important lipogenic/lipolytic transcription factors in the skeletal muscle of overweight and obese individuals. Given the relationship between muscle lipid metabolism and insulin sensitivity (Si), we also sought to determine whether changes in mRNA abundance correlated with changes in Si.
Studies of Targeted Risk Reduction Interventions through Defined Exercise (STRRIDE) is a randomized, controlled clinical trial designed to study the effects of three different EE training regimens on cardiovascular risk factors in middleaged, overweight, and obese subjects. These three 6-mo EE regimens differed in quantity (kcal/wk) and/or intensity (relative VO 2 peak). Previous results from STRRIDE indicate that the amount and intensity of EE influence important clinical outcomes such as serum lipoprotein concentrations (33) . Therefore, one specific aim of the current investigation was to determine whether the quantity and/or intensity of EE influence lipid metabolism mRNA levels. Another important issue is whether the quantity and/or intensity of EE affect the duration of mRNA changes following the cessation of exercise, as this may provide a better understanding of the duration of exercise training responses and allow potential mechanistic inferences to be made. We therefore assessed mRNA levels from skeletal muscle at four time points: 1) upon study entry, 2) after 6 mo of EE training (16 -24 h after the last exercise bout), 3) 4 days after the last bout of exercise, and 4) 14 days after exercise cessation. Since we previously observed sexual dimorphism in skeletal muscle responses to EE in overweight/obese individuals (11) , an additional aim of the present study was to explore the hypothesis that differences exist between women and men in EE-mediated adaptations in lipid metabolism mRNA levels.
RESEARCH DESIGN AND METHODS
Institutional review boards at Duke University and East Carolina University approved the investigation.
Subjects. Detailed descriptions of the STRRIDE study design and methods are published elsewhere (19) . In brief, subjects were 40 -65 yr of age, sedentary, and overweight or obese (body mass index 25-35 kg/m 2 ) and were dyslipidemic (either high-density lipoprotein cholesterol Ͻ45 mg/dl for women or Ͻ40 mg/dl for men; or low-density lipoprotein cholesterol of 130 -190 mg/dl). The subjects for the present study were selected from the ϳ30 men and 30 women per group that completed the EE training and detraining time points according to availability of muscle tissue, and their characteristics are described in Table 1 . The number of subjects per group is listed in the table and figure legends.
Muscle biopsy. A percutaneous needle biopsy technique was used to collect muscle biopsies from the vastus lateralis at the four time points described above. Muscle biopsies were flash frozen and stored at Ϫ80°C until use.
Exercise training. In STRRIDE, subjects were randomly assigned to one of four different groups: 1) inactive control, 2) low volume/ moderate intensity EE, 3) low volume/vigorous intensity EE, or 4) high volume/vigorous intensity exercise. Subjects participated in a 2-3 mo ramp-up period to avoid musculoskeletal injury, which was then followed by 6 mo of EE. The exercise volume/intensity of the training groups were: low volume/moderate intensity: aerobic exercise with the caloric equivalent of ϳ12 mi/wk at 40 -55% VO 2peak; low amount/vigorous intensity: ϳ12 mi/wk at 65-80% VO2peak; and high amount/vigorous intensity: ϳ20 mi/wk at 65-85% VO2peak, where VO2peak was assessed after a 2 mo ramp period. The exercise regimens permitted a comparison between exercise amounts per week (low amount groups: ϳ1,200 kcal/wk vs. high amount group: ϳ2,000 kcal/wk) as well as exercise intensities (40 -55% vs. 65-80% VO2peak). Three different modes of EE were available: cycle ergometers, treadmills, and elliptical trainers. All exercise sessions were verified by heart rate monitors that provided exercise heart rate data (Polar Electro, Woodbury, NY) and/or direct supervision.
Si. Si was determined via intravenous glucose tolerance test as described previously (12) . In brief, fasting blood samples were obtained, and 50% glucose was injected (0.3 g/kg body mass) into a catheter inserted in an antecubital vein. Blood samples were collected at 2, 3, 4, 5, 6, 8, 10, 12, 14, 16, 19, 22, 25, 30, 40, 50, 60, 70, 80, 90 , 100, 120, 140, 160, and 180 min, and insulin (0.025 IU/kg body mass) was injected at 20 min. The samples were centrifuged, and the plasma was frozen at Ϫ80°C. An immunoassay was used to measure insulin (Access Immunoassay System; Beckman Coulter, Fullerton, CA), and the minimal model (2) was used to calculate the insulin sensitivity index.
RNA isolation and cDNA synthesis. Total RNA was extracted from ϳ25 mg of skeletal muscle using the TRIzol method, according to the manufacturer's instructions (Invitrogen, Carlsbad, CA). RNA quantity and quality were verified by means of spectrophotometry, and RNA was then DNase-treated (DNase I, Amplification Grade, Invitrogen) and reverse transcribed using oligo d(T) primers [High-Capacity cDNA Archive Kit; (ABI) Applied Biosystems, Foster City, CA] according to the manufacturer's specifications. Real-time PCR and gene expression analysis. Real-time PCR was performed using the Applied Biosystems TaqMan Two-Step protocol and the ABI Prism 7300 Sequence Detection System (ABI). ABI premade primer/probe assays were utilized for target genes (Table 2 ) and the 18S endogenous control. Experiments were carried out in duplicate or quadruplicate, and gene expression was calculated by the comparative C T method, using 18S as the internal control. 18S mRNA levels were unaffected by long-term EE (n ϭ 30, data not shown).
Statistical analysis. To minimize skewedness, mRNA data were square root transformed prior to analysis. Inactive control group data (pre vs. post) were analyzed using paired t-tests, and exercise group data (four time points) were analyzed via one-way repeated-measures analysis of variance (ANOVA). Percent change for all four groups and percent change of control vs. "exercise" (i.e., combined exercise groups) were assessed via one-way ANOVA and unpaired t-tests, respectively. Post hoc analyses were carried out using Tukey's multiple comparison test. Sex differences for changes in gene expression were formally tested with two-way ANOVAs that included exercise or inactive group, sex, and a group ϫ sex interaction term. However, based on our prior experiences of sex-specific skeletal muscle responses to exercise (11), we report separate analyses for women and men for all gene expression changes. Relationships between Si change and gene expression changes were analyzed with Spearman rank correlations. P Ͻ 0.05 was considered statistically significant, and data presented are means Ϯ SE.
RESULTS
Only significant group differences and strong trends are presented here; however, all mRNA data are provided in Supplementary Tables S1-S5. 1 Table 1 describes the mean age, percent body fat, and relative peak oxygen uptake (VO 2 peak) of the subjects, as well as changes in these measures following inactivity or EE. Importantly, EE improved VO 2 peak in all exercise groups (P Ͻ 0.05), indicating that EE training was effective.
Long-term EE training effects on lipid metabolism mRNA levels. Changes in mRNA abundance are reported by sex and include relevant sex ϫ gene expression change interaction terms for each gene.
Women. In general, EE increased the abundance of mRNAs involved in fatty acid transportation, storage, and lipolysis/ oxidation in women. With respect to fatty acid transport, EE increased relative lipoprotein lipase (LPL) mRNA by ϳ40% in grouped exercising women compared with inactive control women ( Fig. 2 , P Ͻ 0.05), and we observed a significant group ϫ sex interaction for both absolute (P ϭ 0.009) and relative change (P ϭ 0.02) in LPL mRNA abundance.
Diacylglycerol acyltransferase-1 (DGAT-1) gene expression, as a representative mRNA for fatty acid storage, was increased by ϳ20 and 22% in the low/moderate and low/ vigorous EE groups, respectively (P Ͻ 0.05, Fig. 3A ), and DGAT-1 mRNA was significantly higher in the combined exercising women compared with the inactive control ( Fig.   1 The online version of this article contains supplemental material. Values are means Ϯ SE. Pre-and Post-, pre-and postintervention; VO2peak, peak oxygen consumption. *Significantly different from preintervention (P Ͻ 0.05). Women: inactive control n ϭ 10, LOW/MOD n ϭ 9, LOW/VIG n ϭ 9, HIGH/VIG n ϭ 9; men: inactive control n ϭ 9, LOW/MOD n ϭ 7, LOW/VIG n ϭ 7, HIGH/VIG n ϭ 9. 3B). In addition, there was a significant group ϫ sex interaction for both absolute (P ϭ 0.004) and relative (P ϭ 0.003) change in DGAT-1 mRNA.
High amount/vigorous exercise increased absolute mRNA levels of a key transcription factor involved in promoting fatty acid oxidation, peroxisome proliferator-activated receptor-␥ coactivator-1␣ (PGC-1␣), by ϳ25% (P Ͻ 0.05, Fig. 4A ), and there was approximately a 30% increase in PGC-1␣ mRNA in grouped exercising women compared with inactive control (P Ͻ 0.05, Fig. 4B ). The group ϫ sex interaction term was statistically significant for both absolute (P ϭ 0.04) and relative (P ϭ 0.007) change in PGC-1␣ gene expression.
The relative mRNA abundance of carnitine palmitoyltransferase I␤ (CPT-I␤), the rate-limiting enzyme for fatty acid transport into the mitochondria for oxidation, increased by ϳ22% and 20% in low amount/vigorous intensity and high amount/vigorous intensity, respectively (P ϭ 0.06), and CPT-I␤ gene expression was increased by ϳ17% (P Ͻ 0.05, Fig. 5 ) in grouped exercisers vs. inactive control women. We found no statistically significant sex ϫ group interaction for changes in expression of CPT-1␤ (P Ͼ 0.05).
With respect to alterations in ceramide metabolism mRNAs, in grouped exercising women there was a 20% increase in acid ceramidase (AC) mRNA abundance compared with inactive control (P Ͻ 0.05, Fig. 6 ). We observed no significant group ϫ sex interaction for change in AC gene expression (P Ͼ 0.05 for both relative and absolute change).
Men. While EE-mediated alterations in mRNA content were geared toward upregulation of mRNAs encoding proteins involved in fatty acid transport, storage, and lipolysis in women, changes in obese/overweight middle-aged men favored reductions in the mRNA abundance of proteins involved in lipogenesis. The transcription factor sterol regulatory element-binding protein-1c (SREBP-1c) plays an important role in lipogenic gene expression, and absolute mRNA content for SREBP-1c increased by ϳ125% in the inactive control men, though this change was not statistically significant (Supplementary Table  S4 ). Conversely, there tended to be a reduction in SREBP-1c mRNA comparing percent change between inactive control and the three exercise groups of men (P ϭ 0.13, Supplementary Table S4 ), and SREBP-1c mRNA was significantly reduced in the combined exercising men vs. inactive control men (P Ͻ 0.05, Fig. 7 ). There was a trend toward a significant sex ϫ group interaction (P ϭ 0.16).
There was a tendency for an increase in absolute DGAT-1 mRNA in the inactive control group (P ϭ 0.09; Supplementary  Table S3) , and there was also a strong tendency for reduced DGAT-1 mRNA in the combined exercising men vs. the inactive control group (P ϭ 0.06, Supplementary Table S3) .
The absolute mRNA content of serine palmitoyl transferase (SPT), which plays a critical role in ceramide synthesis, was significantly increased in the inactive control men (ϳ 37%) following 6 mo of inactivity (P Ͻ 0.05, Fig. 8A ). Each exercise regimen appeared to prevent the increase in SPT with inactivity, although no statistical differences were observed between individual exercise groups and the inactive control group (Supplementary Table S1 ). When combined exercisers were compared with inactive controls, EE completely prevented the increase in SPT gene expression noted with inactivity (Fig.  8B) . Additionally, a statistically significant group ϫ sex interaction was observed for both absolute (P ϭ 0.005) and relative (P ϭ 0.006) change SPT gene expression.
Intermuscular adipose tissue does not account for sexspecific changes in mRNA levels.
To rule out the possibility that differences in mRNA levels between women and men were due to alterations in intermuscular adipose tissue (IMAT) with EE or inactivity, we analyzed changes in mRNA abundance while controlling for IMAT change in 38 participants from the current study. We observed that controlling for IMAT change did not significantly alter our findings (data not shown). In addition, while we observed significant sex differences in intermuscular adiposity at baseline, men and women had sim- Fig. 6 . Effect of endurance exercise on AC mRNA levels in women. Percent change in AC mRNA levels in inactive control women compared with grouped exercise women (inactive control n ϭ 10; grouped exercise n ϭ 30); *significantly different from inactive control women (P Ͻ 0.05). Results are means Ϯ SE. Fig. 7 . Effect of EE on SREBP-1c mRNA levels in men. SREBP-1c mRNA levels in inactive control men compared with grouped exercise men (inactive control n ϭ 7, grouped exercise n ϭ 24); *significantly different from inactive control men (P Ͻ 0.05). Results are means Ϯ SE. Fig. 8 . Effect of EE on SPT mRNA levels in men. A: absolute change in SPT mRNA for all groups (inactive control n ϭ 8, LOW/MOD n ϭ 8, LOW/VIG n ϭ 8, HIGH/VIG n ϭ 9); *significantly different from preintervention (P Ͻ 0.05). B: percent change in SPT mRNA levels in inactive control men compared with grouped exercise men (inactive control n ϭ 8, grouped exercise n ϭ 25); *significantly different from inactive control men (P Ͻ 0.05). Results are means Ϯ SE. ilar reductions in intermuscular adipose tissue with exercise training (8) .
Relationships between changes in mRNA levels for enzymes of lipid metabolism and changes in Si. For the 74 individuals in this substudy, EE-mediated improvements in Si were similar to those previously observed in the larger STRRIDE cohort (12) with minor differences likely related to random selection of the subjects in this smaller subset. In women, low amount/moderate intensity EE improved absolute Si by ϳ20% (P Ͻ 0.05, Fig. 9A ). Additionally, EE reduced fasting insulin by ϳ15% in grouped exercising women compared with inactive control women, and resulted in a strong trend toward group differences (P ϭ 0.06, data not shown). As shown in Fig. 9B , in men, low amount/moderate intensity and low amount/vigorous intensity exercise improved Si by ϳ30% (P Ͻ 0.05). Also, there was a strong tendency for enhanced absolute Si following high amount/vigorous intensity exercise (P ϭ 0.051, Fig. 9B ) in men. EE improved Si by ϳ25% in grouped exercising men vs. inactive control men (P Ͻ 0.05, Fig. 9C ). There was no significant exercise group ϫ sex interaction for change in Si (P Ͼ 0.05).
When evaluating relationships between change in mRNA levels and change in Si in women, we observed significant relationships for Si percent change and percent change in stearoyl CoA desaturase (SCD; P Ͻ 0.003, r ϭ 0.47) and hormone-sensitive lipase (HSL; P Ͻ 0.048, r ϭ 0.33). For men, we observed significant relationships for Si percent change and percent change in AC (P Ͻ 0.009, r ϭ 0.46) and LPL (P Ͻ 0.046, r ϭ 0.36).
DISCUSSION
To the best of our knowledge, this is the first study to comprehensively investigate the influence of long-term EE training on the abundance of important lipid metabolism mRNAs in skeletal muscle of overweight and obese middle-aged subjects who are at risk for insulin resistance and cardiovascular disease. In the present study, EE training produced adaptations in the mRNA abundance of lipid metabolism genes whose proteins products play critical roles in lipid metabolism. Most notably, the gene expression pattern induced by long-term EE training differed markedly between women and men. In general, EE training increased the mRNA content of proteins involved in fatty acid transport, storage, and oxidation in women, whereas in men EE reduced the mRNA level of important lipogenic genes. Similarly, exercise-mediated changes in the level of ceramide metabolism mRNAs differed between women and men.
Long-term EE training and changes in mRNA abundance in women. In women, EE led to adaptations similar to those in young, healthy subjects, such as increased abundance of mRNAs for proteins involved in fatty acid transport, storage, and oxidation. EE increased LPL mRNA in women, but not in men. Skeletal muscle LPL plays an important role in muscle lipid metabolism as LPL hydrolyzes plasma triglycerides (TG) into free fatty acids, which are subsequently transported into skeletal muscle for oxidation or TG storage. Skeletal muscle-specific overexpression of LPL in rodents is associated with insulin resistance in some (9, 17) , but not all studies (38) . On the other hand, systematic LPL overexpression in rabbits attenuates high-fat diet-induced insulin resistance (18) ; and EE, which is consistently associated with enhanced Si, increases skeletal muscle LPL mRNA, protein content, and enzyme activity in healthy middle-aged men (32) . The present observations suggest that EE-mediated induction of LPL protein content and enzyme activity is blunted in obese middle-aged men. However, it should be noted that LPL enzyme activity was similar in young healthy endurance-trained women and men despite greater LPL gene expression in trained women (15) . Future studies should determine whether EE training leads to similar increases in muscle LPL protein and/or enzyme activity in middle-aged overweight/obese women and men.
Mitochondria from the skeletal muscle of obese individuals are smaller (14) and have reduced fatty acid oxidation capacity (16) , and these perturbations are thought to contribute to the Fig. 9 . Effect of EE on insulin sensitivity in women and men. A: absolute insulin sensitivity in women (inactive control n ϭ 10, LOW/MOD n ϭ 9, LOW/VIG n ϭ 9, HIGH/VIG n ϭ 9); *preintervention significantly different from postintervention in LOW/MOD EE women (P Ͻ 0.05). B: absolute insulin sensitivity in men (inactive control n ϭ 9, LOW/MOD n ϭ 6, LOW/VIG n ϭ 7, HIGH/VIG n ϭ 9); *significantly different from preintervention in LOW/MOD and LOW/VIG EE groups in men. C: insulin sensitivity percent change in inactive control men compared with grouped exercise men (inactive control n ϭ 9, grouped exercise n ϭ 22); *significantly different from inactive control men (P Ͻ 0.05). Results are means Ϯ SE. accumulation of muscle lipids and insulin resistance in the obese. Indeed, inhibition of CPT-1␤, the rate-limiting enzyme in transportation of fatty acids into the mitochondria for ␤-oxidation, leads to insulin resistance in rodents (6), whereas CPT-1␤ overexpression in muscle cells prevents fatty acidmediated insulin resistance (25) . The increases in PGC-1␣ and CPT-1␤ mRNA expression in skeletal muscle of overweight and obese women in the present study are consistent with previous studies reporting enhanced muscle mitochondrial function and content following EE (3, 37) . It is unclear why EE led to increased PGC-1␣ and CPT-1␤ gene expression in women, but not in men. Others have reported no difference in CPT-1␤ mRNA between endurance-trained and untrained men when mRNA levels were assessed 2 days after the cessation of EE (30) . In contrast, PGC-1␣ mRNA was increased in young healthy untrained men (29) as well as middle-aged lean, obese, and type 2 diabetics (34) when assessed 1-2.5 h after EE. Thus, it is possible that the abundance of PGC-1␣ and/or CPT-1␤ mRNA were elevated at an earlier time point than measured here. Regardless, the present study identifies clear differences in EE training-mediated increases in PGC-1␣ and CPT-1␤ mRNA content between overweight/obese, middle-aged women and men, and additional studies should investigate the mechanisms and consequences of sexual dimorphisms in PGC-1␣ and CPT-1␤ gene expression in response to long-term EE training.
Recent studies indicate that skeletal muscle DGAT-1, which catalyzes TG synthesis from DAG and fatty acyl CoA, plays an important role in lipid partitioning and Si. DGAT-1 overexpression in myocytes reduces DAG (and ceramide) content, and overexpression of DGAT-1 in mouse skeletal muscle improves muscle Si and protects against high-fat diet-induced insulin resistance (20) . In the present study EE increased DGAT-1 mRNA levels in women, but not in men, suggesting that the affects of EE on DGAT-1 mRNA may lead to beneficial alterations in lipid partitioning in the skeletal muscle of overweight and obese middle-aged women.
Skeletal muscle ceramide content is inversely related to Si (35) , and it was recently reported that EE reduced muscle ceramide in obese subjects (3) . The mechanisms of reduced ceramide have yet to be elucidated; however, experiments in muscle cells suggest that AC, which degrades ceramide to sphingosine and free fatty acid, may play an important role in regulating insulin action in muscle. For example, while lipid oversupply causes ceramide accumulation and inhibited insulin signaling in muscle cells, AC overexpression prevents lipidmediated ceramide accretion and decreased insulin signaling (4) . In the present study, long-term EE training significantly increased AC mRNA in women, suggesting that elevated AC expression may be one mechanism whereby EE reduces muscle ceramide in overweight/obese women. Additional studies are needed to further test the role of AC in the regulation of ceramide content in obese subjects.
Long-term EE training and changes in mRNA levels in men. While many of the changes in mRNA abundance in women encode lipolytic proteins, in middle-aged obese/overweight men, EE reduced the mRNA content of key lipogenic factors. Six months of inactivity in men significantly increased skeletal muscle SPT mRNA content. Importantly, EE completely prevented elevated SPT gene expression in men. SPT, which participates in de novo ceramide synthesis (5), also appears to play an important role in muscle ceramide metabolism and insulin resistance. In cultured muscle cells, SPT inhibition prevents the lipid-mediated build-up of ceramide as well as lipid-mediated inhibition of insulin signaling (5, 28) . Thus, it is reasonable to speculate that SPT may play an important role in ceramide metabolism, and potentially insulin resistance, in human subjects. These data also demonstrate that long-term EE training affects the mRNA abundance of important ceramide metabolism genes in a sex-specific manner in humans.
The transcription factor SREBP-1c stimulates fatty acid and TG synthesis via its downstream targets SCD-1, acyl-CoA carboxylase (ACC), and fatty acid synthase (FAS). The role of SREBP-1c in obesity/insulin resistance is controversial; some studies report no difference in basal levels of skeletal muscle SREBP-1c between lean control subjects and obese and diabetic subjects (7), yet others report reduced skeletal muscle SREBP-1c mRNA in morbidly obese subjects following bariatric surgery (23) . In the present study, though not statistically significant, SREBP-1c mRNA increased by ϳ125% in the skeletal muscle of inactive control men, and EE significantly reduced SREBP-1c gene expression in men. Interestingly, the mRNA level of another key TG synthesis gene followed a similar pattern in men, in that DGAT-1 tended to increase in control men (P ϭ 0.09), and EE resulted in a strong tendency for reduced DGAT-1 mRNA expression (P ϭ 0.06). Thus, elevated levels of mRNA for proteins participating in fatty acid and TG synthesis may contribute to detrimental partitioning of lipids in the direction of lipid synthesis/storage in inactive obese middle-aged men, and long-term EE prevents these perturbations.
Relationships between changes in lipid metabolism mRNAs and changes in Si. We found limited evidence of relationships between mRNA changes and changes in Si. For women, we observed that increased expression of HSL and SCD-1 were related to improved Si. For men, we observed that increases in expression of AC and LPL were related to improvements in Si. These relationships suggest that part of the mechanism of exercise-mediated improvements in Si might be mediated through an alteration in abundance of these genes. However, we did not to observe a relationship between changes in Si and mRNA abundance for many of the genes that were altered by exercise. There are a number of potential explanations for the lack of such relationships. One possibility is that these genes may be important for lipid metabolism in skeletal muscle and that expression changes in response to exercise, but these changes have only a very small impact on Si. In light of the compelling previous data relating the impact of these gene products on Si, this seems improbable and certainly could not be proven in the context of this study. Alternatively, relationships between changes in expression of these genes and changes in Si might be confounded by other factors such as posttranscriptional regulation, genetics, and diet that could not be accounted for in this investigation. Similarly, perhaps there is a coordinated interplay of these genes, additional genes, and other contributing factors that impacts Si. Additional investigations that are designed to account for these many factors will be invaluable in continuing to better understand the mechanisms by which exercise training improves Si.
Effect of EE on gene expression 14 days after exercise cessation. In the larger STRRIDE population we observed reduced Si 4 days after the cessation of EE training and a paradoxical increase in Si 14 days after the termination of EE (unpublished observations). To determine whether changes in lipid metabolism genes might play a role in post-EE improvements in Si, we assessed mRNA levels from muscle biopsies collected 4 and 14 days after the end of EE training. Three genes were significantly altered 14 days after the cessation of EE training in women (LPL, SPT and AC); however, none of these changes coincided with the alterations in Si observed in our previous study. Thus, it appears unlikely that the lipid metabolism genes studied herein play a role in post-EE adaptations in Si.
Study limitations. It is important to note the limitations of the present study. First, limited muscle sample precluded the assessment of protein level and/or enzyme activity. Therefore, it is not known whether changes in mRNA abundance identified here translate into altered protein expression and/or function. However, correlations have been reported between changes in mRNA content and changes in protein content (24) or function (26) following EE. Thus, it seems plausible that the alterations in mRNA abundance identified here may contribute to important changes in muscle lipid metabolism. Second, recent research suggests that carbohydrate intake during the 24 h immediately following EE influences exercise-responsive genes (27) . This factor was not controlled in the present investigation, and, in fact, subjects were instructed not to alter their dietary habits while participating in the study. However, this can also be viewed as a strength of the STRRIDE study because changes in gene expression were related to changes in exercise pattern in the absence of changes in dietary intake.
Additionally, it is worth noting that we did not detect a significant sex ϫ group interaction for all gene expression changes presented as stratified analyses. Detecting statistically significant interaction terms requires significant power. Interestingly, despite this, we observed significant sex interactions for many of the findings presented above. While our analytic approach was based on our a priori hypothesis that responses would be unique for each sex, these significant sex interactions strengthen our findings. Most important, these observations highlight the emerging recognition that skeletal muscles response to exercise training differ by sex and emphasize the need to evaluate such sexual dimorphisms in future studies.
Conclusions
Long-term EE training influenced the mRNA abundance of key lipid metabolism genes in the skeletal muscle of middleaged overweight and obese subjects. However, the pattern of change in gene expression differed considerably between women and men. In women, alterations in mRNA levels were consistent with adaptations observed in young, healthy subjects following EE, adaptations geared toward increased fatty acid transportation and oxidation, and TG synthesis. EE training also increased AC mRNA content in women, but not in men, suggesting that EE may play an important role in ceramide degradation in women. In sharp contrast, EE caused reductions in the expression of genes involved in lipogenesis in men, including decreased levels of SPT mRNA, which has been shown in muscle cells to play a key role in ceramide synthesis. These data suggest that long-term EE training leads to sexspecific adaptations in the expression of critical lipid metabolism genes in overweight and obese, middle-aged subjects, and future studies should determine whether changes in protein levels and/or function follow a similar pattern.
